The three different sized chemical functionalized graphene (GO) sheets, namely GO-1 (D 50 = 10.79 μm), GO-2 (D 50 =1.72 μm) and GO-3 (D 50 = 0.70 μm), were used to fabricate a series of epoxy/GO nanocomposites. Fracture toughness of these materials was assessed. The results indicate that GO sheets were dramatically effective for improving the fracture toughness of the epoxy at a very significant low loading. The enhancement of the epoxy toughness was strongly dependent on the size of GO sheets incorporated. GO-3 with smaller sheet size gave the maximum reinforcement effect compared with GO-1 and GO-2. The incorporation of only 0.1 wt% GO-3 was observed to increase the fracture toughness of pristine epoxy by ~75 %. The toughening mechanism was well understood by fractography analysis of the tested samples. Massive cracks in the fracture surfaces of the epoxy/GO nanocomposites were observed. The GO sheets effectively disturbed and deflected the crack propagation due to its two dimensional structure. GO-3 sheets with smaller size were * Corresponding author: Tel: +44 1509223160. E-mail address: m.song@lboro.ac.uk (M. Song) 2 / 30 highly effective in resisting crack propagation, and a large area of whitening zone was observed. The incorporation of GO also enhanced the stiffness and thermal stability of the epoxy.
Introduction
Toughening of thermosets has been a challenging issue that limits their applications in high performance areas such as automotive, aerospace and defence. [1] A high crosslinked density is always necessary for a thermoset material to achieve excellent mechanical properties. However, high crosslinked density could result in lower fracture resistance [1] . Traditional fillers such as rubber particles can improve the toughness of a thermoset resin. However, the micro fillers have seriously negative impact on manufacturability and mechanical properties of the final material [2] . It has been reported that with proper dispersion, nanofillers can effectively improve the toughness of thermoset materials [1] .
Epoxy resins, which are the most important thermosetting resins in industry for various applications [3] , have been reported to be successfully toughened by nanoparticles including metallic oxide (aluminium oxide and titanium oxide) [4] , nano-silica [5, 6] , polyhedral oligomeric silsesquioxane [7] , clay [8] , carbon nanotubes [9, 10] and graphene based nanoparticles [11] [12] [13] [14] [15] . Among these nanoparticles, graphene is a new kind of carbon nanofillers with two-dimensional structure [16] . Its advantages in mechanical reinforcement over other carbon fillers such as expandable graphite, carbon black and carbon nanotubes were reported [11, [17] [18] [19] . In the nano-toughening field, graphene based materials are superior to other non-two-dimensional fillers according to the Faber and Evans crack deflection modelling [20] . This theory predicts that for circular plate shaped particles with large aspect ratio, the tilting of the crack front acts as a very important toughening rule. It also suggests that neither the sphere nor the rod derive noticeable toughening from the crack tilting process. Accordingly, Rafiee et al. [11] compared the enhancement of toughness on epoxy by incorporation of various nanoparticles and concluded that graphene was the most effective one than other nanofillers. Qiu et al. [13] found that the incorporation of GO resulted in a different fracture morphology with coarser surface compared with neat epoxy. The presence of GO effectively prevented crack propagation by producing large amount of plastic deformation. Palmeri et al. [14] 
Preparation of epoxy/GO nanocomposites
The dispersion of GO in acetone (1 mg •ml -1 ) was achieved with ultrasonication for 30 min (300 w) at room temperature. DGEBA/GO mixtures were prepared by adding calculated amount of GO into DGEBA at elevated temperature, followed by stirring at 
Characterisation of GO
The particle size distribution (PSD) of GO was measured by using a Malvern Instruments Mastersizer. The stirrer was set to be 900 rpm and the beam length was 2.40 mm. Transmission electron microscopy (TEM) analysis on the GO sizes was conducted using a JEOL 2100 FX instrument. A Philips Tecnai F20 high-resolution transmission electron microscopy (HRTEM) was used to observe the layered GO platelet structure. The accelerating voltage was 200 kV. The GO powder was dissolved in acetone, and then dropped on copper grid for TEM images. Fourier transform infrared (FTIR) spectra of the three types of GO was recorded from 4000 to 600 cm -1 using a Shimadzu FTIR-8400s spectrophotometer with a 2 cm -1 resolution over 64 scans.
Characterisation of epoxy/GO nanocomposites
X-ray diffraction (XRD) analysis was performed using a Bruker D8 diffractometer.
The X-ray beam is Cu Kα, (λ=0.1542 nm) radiation operated at 40 kV and 40 mA.
The X-ray diffraction patterns were scanned over a Bragg angle (2θ) from 
Results and discussion
Fig . 1 shows the particle size distribution of the three types of GO fillers. Obviously, the size decreases from GO-1 to GO-3. Fig. 2 shows the TEM images of the exfoliated GO sheets prepared in acetone. The typical size of each GO can be observed. The GO sheets exhibits winkled surface texture.
FTIR was also utilised to analyse the different sizes of GO sheets. FTIR spectra for GO-1, GO-2 and GO-3 are shown in Fig. 3 , respectively. A very intense band between -1 and 2500 cm -1 was observed in the GO spectra, resulting from the presence of CO 2 in the testing atmosphere. The characteristic bands of GO were observed at 3420 cm -1 (-OH), 1745 cm -1 (C=O) and 1250 cm -1 (C-O-C), indicating that the graphene sheets were functionalized with hydroxyl, carboxyl (-COOH) and epoxide groups. Besides, =C-H and C=C bands were present in each GO spectrum, revealing the vibration of aromatic ring in graphene lattice. The peak position of =C-H band was located at 1400 cm -1 [24] for each GO spectrum, but the peak position of C=C is relative to the size of GO sheet. As summarized in Table 2 , the peak position for GO-3
shifted to higher wavenumber compared to that of GO-1. This suggested that the conjugated effect of the graphene lattice became weaker as the size of GO sheet was smaller. Also, the content ratio of (=C-H)/(C=C) increased from GO-1 to GO-3, The diffraction peak at about 2θ=26 o corresponds to the (001) plane reflection of the graphite. The XRD results indicate that GO sheets in the polymer matrix did not show graphite-like ordered structure, proving the successful fabrication of the epoxy/GO matrix. Moreover, the morphology of the GO sheets in matrix was observed via FEGSEM. The images of epoxy/GO nanocomposites with 0.1 wt% GO with different sizes were provided in Fig. 6 (a-f) . Obviously, the GO sheets were well dispersed in the matrix, and the dispersion quality of the three types of GO was comparable.
According to the PSD results, it can be found that the sizes of GO sheets were unchanged in the composites. Thus, the preparation process did not affect the original sizes of GO sheets. However, during the curing, particularly when the phase transition occurred, the nano-thick GO sheets had a great tendency to agglomerate to reduce configurational entropy. Their thickness could increase accordingly. Fig. 7 shows the TEM images of thin sections of the three epoxy nanocomposites with 0.1 wt% GO. It was observed that the thickness of the agglomerated GO sheets was ≈ 15-30 nm. nanofiller weight fraction [9] . In the case of nanoclay/epoxy composites it required about 3.5 % nanoclay weight fraction to achieve the similar level of K Ic enhancement (~61 %) [25] . It was found that for higher loading fraction, the enhanced ability of GO sheets in K Ic became weaker and finally begins to approach the pure epoxy value.
The decrease of the fracture toughness enhancements could result from the degradation in the dispersion quality of GO at higher filler loadings [12] . The results indicate that the enhancement of fracture toughness were greatly dependent on the weight fraction and the size of the GO sheets. GO-3 with the sheet size of about 0.7 μm showed the best enhancement of the toughness and the 0.1 % weight fraction is an optimum concentration. A material's resistance to fracture crack propagation is important to prevent failure. According to brittle facture mechanism, the origin of the whitening zone is from the resistance of crack propagation; such information can identify fracture mechanisms for polymer nanocomposites. Fig. 9 shows the digital images of the fracture surfaces of the tested specimens for (a) the pure epoxy, and its nanocomposites with (b) 0.1 wt% GO-1, (c) 0.1 wt% GO-2, and (d) 0.1 wt% GO-3. A whitening zone was observed under the notched line for each specimen. A summary of the percentage of the whitening zone area in the whole fracture surface is listed in Table 3 . For the pure epoxy resin, the whitening zone area was only about 9 % observed under the pre-notched line. By addition of 0.1 wt% GO-1, the percentage of the whitening zone area slightly increased to 13 %. Remarkably, the percentage of the whitening zone area for the GO-2 or GO-3 based nanocomposites substantially increased to over 50 %. The results illustrate that the resistance to fracture crack growth dramatically improved by the presence of GO sheets in the epoxy matrix. The size-increased whitening zone is able to consume more energy when fracture occurs, corresponding to higher fracture toughness. The toughness of nanocomposites increased as the decrease of GO sheet size. It can be explained by Zhao's [21] simulation result, with regard to stress concentration factor. In their modelling for enhancing epoxy resin by 2D fillers at a fixed fraction, the stress concentration of composite was reduced as the decrease of particle size. Hence, GO-1 brought about high stress concentration in epoxy matrix, compared with GO-2 and GO-3. This could be the main reason for the disappearance of the fracture toughness enhancement for epoxy/GO-1 nanocomposites. Moreover, the graphene surface exhibits wrinkle-like texture [11, 19, 26] . The wrinkled texture changes the roughness and mechanical properties of graphene sheets. Uneven distributions of local spring constant and forces were observed in the stacks of graphene [27] . They could affect load transfer efficiency and stress distribution around the fillers. Wang et al. [28] indicate that, for a given edge contraction (ϵ) on a suspended graphene sheet, the wavelength (λ) and Where t is the thickness and υ is the Poisson's ratio of graphene. In our study, all the GO varieties had similar thickness, Poisson's ratio and edge contraction, duo to the same preparation method and processing conditions. Although the interfacial bonding between GO and epoxy matrix could affect the state of graphene, the effect could be similar due to the similar Tg variation (see Fig 12 and its discussion) in the three systems. We believe that the bigger GO-1 sheets could possess large size wrinkles. The roughness was substantially increased. Also, the wrinkles were the main source that could pose the bending, twisting and folding of the graphene sheets [29] .
The wrinkles and the deformation sites, which could be regarded as induced defects, were kept permanently in the composites after curing process. The regularity and geometric continuity were significantly reduced. Therefore, the presence of the size-increased defects reduced the load transfer efficiency in GO-1 sheets, and brought about serious local stress concentrations in regions surrounding the defects. It is believed that bigger size defect would result in stress concentration of composites in a larger area. According to brittle failure mechanism, the fracture stress is inversely related to the length of defects [30] . Hence, GO-3 that had smaller size of the induced defects, exhibited better reinforcement in epoxy toughening. The fracture surfaces were further observed by optical microscopy (OM). The OM fractography for the pure epoxy and its GO-3 nanocomposites with different GO-3 contents are depicted in Fig. 10 . It can be seen that a clear image of cracks which grow in the direction of crack propagation for the pure epoxy. By addition of GO sheets the development of cracks was effectively disturbed. In particular, the number of the cracks increased, but the average size of the cracks reduced as the GO content increased. Meanwhile, many sub-cracks were induced in the fracture surface of the nanocomposites. The crack propagation from the pre-notched line was deflected, tilted or suppressed due to the presence of two-dimensional structured graphene sheets. The breakdown of propagating cracks certainly reduce local applied stress, thus contribute to the resistance of fracture [20] . Accordingly, this is one of the main reasons for the improvement of the fracture toughness. However, addition of significantly higher content of GO sheets led to induce massive sub-cracks or micro-cracks as shown in Fig. 10d , which could encounter more flaws during crack propagates in the nanocomposite. Stress concentration on the weakest flaw may result in the fracture of the nanocomposite [21] . The most effective enhancement of toughness for the epoxy resin was achieved at 0.1 wt% GO-3 loading.
The toughening mechanism can be further understood by SEM fractography analysis. As shown in Fig. 11 , it was noticed that the pure epoxy resin exhibited typical brittle fracture surface and shows an oriented bamboo-like fracture patterns initialized from the cracks. The area between the bamboo-like patterns was very smooth, indicating the rapid crack propagating [31] . In contrast, GO/epoxy nanocomposites showed quite different fracture morphology. The bamboo-like fracture patterns was disturbed and gradually disappeared with increasing GO content.
The surface appeared coarser and ditches with characteristic parabolic feature from crazes intersecting the main feature plane, indicating a crack deflection process occurred, where an initial crack tilts and twists when it encountered a rigid inclusion.
This generates an increase in the total fracture surface area resulting in greater energy absorption as compared to the pure epoxy. SEM fractography analysis again evidenced that the GO resulted an increase of the toughness of the epoxy by effectively preventing crack propagation. From above discussion, the incorporation of GO-3 gave the maximum improvement in the toughness of epoxy resin, compared with GO-1 and GO-2. The mechanical and thermal properties for the epoxy/GO nanocomposites were also assessed. Fig. 12 shows the glass transition temperature of pure epoxy and its nanocomposites. It can be observed that the Tg increased as the increasing GO content. This could result from the enhanced interfacial bonding between epoxy monomers and functional groups on graphene fillers [12, 19] . The crosslink density could slightly increase in the areas close to the fillers. Thus, the GO layers confined the interfacial epoxy chains by restricting their movement. Incorporation of 0.6 wt% GO led to an increase of ~ 11 o C, compared to the pure resin. Moreover, there was no difference in the Tg between the three types of nanocomposites. It is believed that the interfacial bonding could be similar in the three systems. The Young's modulus of the epoxy/GO nanocomposites were characterized and shown in Fig. 13 . The addition of GO slightly increased the stiffness of epoxy resin. The reinforcement effect was from the transfer of the mechanical properties of the graphene, which was also attributed to the improved interfacial adhesion. The three GO showed similar improvement in the Young's modulus of epoxy. In contrast, the toughening mechanism indicates the importance of the two dimensional structure of GO that effectively resisted the crack propagation. Despite the three GO varieties showed comparable interfacial adhesion and dispersion within epoxy, the enhancement on the toughness differed significantly.
We believe that Stress concentration factor, which related to the size of graphene, was critical in toughness improvement. 
Conclusion
Incorporation of a very small amount of the graphene sheets into the epoxy matrix resulted in a significant improvement on the fracture toughness of the polymer. The enhancement of the epoxy toughness was strongly dependent on the size of the graphene sheets incorporated. The GO-3 with smaller sheet size (about 0.7 μm) gave a better reinforcement effect on toughness. The K Ic value of the pure epoxy is about 1.32 MPa•m 1/2 and incorporation of only 0.05 wt% GO-2 or 0.1 wt% GO-3 led to a significant increase to 2.14 or 2.31 MPa•m 1/2 , respectively. Based upon observation and analysis of the fracture surfaces the GO, toughening mechanism for the epoxy was well understood. The graphene sheets incorporated into the epoxy matrix more effectively disturbed to the development of crack growth and prevented crack propagation. The incorporation of GO also improved the stiffness and thermal stability of the epoxy.
